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Various formulations of fire-extinguishing materials, including aqueous film-forming foams (AFFFs), were used
as part of fire-training exercises conducted at Wurtsmith Air Force Base (WAFB) in northeastern Michigan
from the 1950s until the base was decommissioned in 1993. As a result of past fire-training exercises, AFFF-
laden wastewater containing fuels, solvents, and other materials directly entered groundwater without prior
treatment. Perfluorinated surfactants are key components in some AFFF formulations. In this study,
groundwater was analyzed for perfluoroalkanesulfonates and perfluorocarboxylates. Perfluoroalkanesulfonates
were directly detected using negative-ion electrospray ionization mass spectrometry. Derivatized
perfluorocarboxylates were detected using electron impact gas chromatography-mass spectrometry.
Groundwater from wells around fire-training area FTA-02 at WAFB contained four perfluorinated surfactants
ranging in concentration from 3 to 120 pg L™': perfluorooctanesulfonate (PFOS); perfluorchexanesulfonate;
perfluorooctanoate; and perfluorohexanoate. This is the first report demonstrating that PFOS, recently shown
to be toxic to organisms ranging from zooplankton to primates, is still present in groundwater in measurable

quantities five or more years after its last known use.

Introduction

Some perfluorinated surfactant anions, including perfluoro-
octanesulfonate, CgF;,80;~ (PFOS), have recently become
pollutants of concern.’™'! Salts of PFQS are known to cause
significant toxic effects, including mortality, in cynomolgus
monkeys (oral doses of 0.75 mg kg~ ' day™'),'* rabbits (oral
doses of 3.75 mg kg~ ' day™"),'? rats (oral doses of 1.6 mg kg ™!
day™),° and zooplankton (exposure to 10 mg L7H).H
Other biological effects of PFOS exposure have also been
reported."'*?* The growing evidence that PFOS is toxic to
higher organisms is noteworthy because it has been found in
the tissues of many animals around the globe, including white
rabbits in New Zealand, eagles near the Baltic Sea, various
birds in Italy, Korea, Japan, and the southeastern US, polar
bears in Alaska, river otters in Washington and Oregon, seals
in the arctic regions of Canada and Norway, penguins in
Antarctica, fish in the Pacific Ocean, Mediterranean Sea, and
Lake Michigan, and oysters in the Gulf of Mexico and
Chesapeake Bay.”* " It is clear from this list that PFOS is
distributed globally in the environment. Furthermore, PFOS
concentrations up to 13 mg L™ have been found in serum of
fluorochemical plant employees in Alabama and Belgium.®!
Additionally, 65 human serum samples obtained from four
different US biological supply companies had PFOS concen-
trations ranging from 7 to 82 pg L™

Salts of PFOS, or compounds that may degrade to PFOS, were
used for years in many consumer and industrial formulations,
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including fabric treatments, anti-static agents, paper coatings
approved for food contact, shampoos, corrosion inhibitors,
insecticides, and fire-fighting foams known as AFFFs (aqueous
film-forming foams)."> AFFFs, some of which contain per-
fluoroalkanesulfonates™ including PFOS,* have proven to be
effective at extinguishing liquid-fuel fires and are widely and
routinely used by civilian and US military fire-fighters.>*’
Historically, effluents from AFFF fire-fighting activities were
neither impounded nor pre-treated prior to discharge to waste-
water treatment systems or to the environment. Such releases
may be responsible for the presence of PFOS in specific,
localized environments. As far as the global distribution of
PFOS is concerned, volatile perfluorooctanesulfonyl-contain-
ing compounds that may degrade to PFOS under environ-
mental or biological conditions®® were recently detected in
ambient air in rural southern Ontario and in Toronto, ON.*
The PFOS anion, like many other perfluorinated chemical
species, is very stable.*® It is resistant to thermal degrada-
tion and chemical attack in aqueous solution. For example,
PFOS has been shown not to be metabolized by some
pseudomonads,* and its resistance to degradation in waste-
water treatment systems causes excessive foaming that inhibits
nitrification.** Perfluorinated surfactants were detected in
surface water downstream from an accidental spill site five
months after the release.*>* In addition, PFOS concentra-
tions as high as 140 ng L™' were detected in the Tennessee
River 45 miles (72 km) downstream of a fluorochemical
manufacturing facility in Decatur, AL (this value is signifi-
cantly higher than the ca. 30 ng L™ concentrations found
upstream of the facility).*> However, nothing has been pub-
lished to date on the occurrence and persistence of perfluoro-
alkanesulfonates in the sub-surface environment. In this
study, we report that PFOS and the related perfluorinated
surfactants CgF (3805~ (PFHxS), CsF;COO™ (PFHxA), and
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C;F,5CO0™ (PFOA) are present at concentrations up to
120 pg L™ in Michigan groundwater (1) up to 500 m from a
site where AFFFs were routinely used for fire-fighting train-
ing activities and (2) at least five years after the cessation of
fire-fighting activities.

Experimental section

Field site description and characterization

Wurtsmith Air Force Base (WAFB), which was decommis-
sioned in 1993, is located in northeastern Michigan (see Fig. 1).
Beginning in 1952, Fire-Training Area Two (FTA-02) at
WAFB was used to train US military personnel in fire-fighting
procedures. Training exercises consisted of flooding a concrete
pad with lammable liquids, igniting the fluids, and extinguish-
ing the fire with fire-fighting agents including AFFF 4647
Although, the pad was the central location of recent fire-
training activity, AFFF and other fire-extinguishing mater-
ials may have been used to extinguish fires in other areas at
FTA-02.%

The soil and groundwater at WAFB in the area around
FTA-02 has been studied in detail.*®>® Benzene, toluene,
ethylbenzene, and xylenes were found in the groundwater at
concentrations ranging from 10 to 2,000 ug L™1.%% 1n this
study, groundwaters from 68 wells at FTA-02 were tested for
non-volatile total organic carbon (TOC) using a TOC analyzer
(Model Dohrman DC-190, Rosemount Analytical, Santa
Clara, CA). The TOC values ranged from [ mg L™ (detection
limit) to 225 mg L™! and confirmed previous findings that
the groundwater in this area is contaminated with a variety
of fuel-related contaminants.*®*® In addition to non-aqueous
phase liquids,* a discontinuous 0.1 m thick layer of a black,
tar-like substance occurs 0.3 to 0.9 m below the surface up to
50 m downgradient from the fire-training pad.*” Groundwater
from wells proposed to contain anionic surfactants from the
use of AFFFs were tested for total anion concentrations using
a standard method for methylene blue active substances.>
Anion concentrations (calculated as PFOA, m/z 413) ranged
from 400 to 10,200 pug L™,

A contaminant plume at FTA-02 was previously defined in

WAFB
study site )

Fig. 1 Map showing the FTA-02 groundwater plume at retired
Wurtsmith Air Force Base (WAFB), Oscoda, MI, USA. The inset
shows the location of WAFB on a map of Michigan. (A larger area map
showing surrounding states, south-central Canada, and the Great
Lakes is available as Electronic Supplementary Information (ESI)t.)
Groundwater samples from the indicated wells (diamonds and circles)
were analyzed for perfluorooctanesulfonate (PFOS), perfluorohexane-
sulfonate (PFHxS), perfluorooctanoate (PFOA), and perfluorohexa-
noate (PFHxA). The boxes next to each well list the concentrations of
the four analytes, in the order shown in the legend, in pg L™" (nd = not
detected).
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several studies by examining groundwater from the numerous
wells around the fire-training area for volatile organic com-
pounds and specific conductance. The general plume boundary
was approximated by specific conductance values greater than
250 pS cm ™' #** For this study, specific conductances (Purge
Saver Model FC 2000, QED Environmental Systems, Inc., Ann
Arbor, MI) of groundwater collected from 68 wells ranged
from 110 to 3,170 uS cm ™', with the highest values measured
near the fire-training pad area. The pH of the groundwater
samples varied from 5.5 to 8.6.

Sample collection

Groundwater samples were collected from two types of
monitoring wells at FTA-02 (Fig. 1). The position of the
wells relative to the plume boundary are illustrated in Fig. 1
using the previously reported well designations *—#%30-52
Monitoring wells with the identifier FT (fire-training) denote
iron-cased 10 cm inner diameter wells with 1 to 2 m stainless
steel screened intervals located 3 to 6 m below the water table.*
Wells with ML notations describe multilevel wells constructed
from 2.5 cm inner diameter PVC casing with 0.3 m screened
intervals that are vertically spaced from 0.5 to 2 m.”® More
detailed descriptions of these wells have been reported.*¢48-20-32
Groundwater samples from ML3 and MLS8 were collected in
November 1998 and samples from the other wells were
collected in June 1999. All samples were collected in high-
density polypropylene bottles due to a report that perfluori-
nated carboxylates adsorb to glass.>® It has since been shown
that neither PFOS nor PFHxS adsorb to glass or to high-
density polypropylene.™ Samples were shipped on ice without
preservation and stored at 4 °C prior to analysis.

Standards and reagents

Potassium perfluorooctanesulfonate, K(PFOS), was synthe-
sized from perfluorooctanesulfonyl fluoride (3M Company, St.
Paul, MN) by adding potassium hydroxide in water and was
recrystallized from water five times to a final purity of >99%.%
It was dried under vacuum at 25 °C before use. Sodium dodecyl
sulfate (DDS, Sigma, St. Louis, MO, 99%) was dried under
vacuum at 25 °C for 24 h and stored in a helium-filled glovebox.
Perfluorooctanoic acid (98%), 2-chlorolepidine (99%; used as
an internal standard), and iodomethane (used for perfluoro-
carboxylate methylations) were used as received from Aldrich
(Milwaukee, WT).

Perfluoroalkanesulfonate and perfluorocarboxylate analyses

Quantitative perfluoroalkanesulfonate concentrations in the
groundwater samples were determined using direct-injection
negative-ion electrospray ionization mass spectrometry
((—)ES-MS) by the method of Hebert er al* The sample
preparation method included centrifugation to separate any
fine particulates and dilution of each groundwater sample with
acetonitrile to obtain solutions that were 1:1 (v:v) aceto-
nitrile : water. These solutions were spiked with 133 pg L™
DDS as an internal standard. Five replicate samples of each
groundwater sample were analyzed. The concentrations of
PFHxS in the samples were also determined using the DDS
internal standard. This assumes that the (—)ES-MS sensitivity
coefficients of PFOS and PFHxS are the same, a reasonable
assumption since it is known that the sensitivity coefficients of
PFOS and perfluorobutanesulfonate are the same.* Intensity
ratios of PFOS (m/z = 499) and DDS (m/z = 265), 1(499)/
1(265), were averaged and converted to PFOS concentrations
using a calibration curve of [(499)/1(265) ratio vs. PFOS
concentration previously prepared using the purified K(PFOS)
standard.™ The calibration curve was linear over a range of
PFOS concentrations from 5 t0 2,500 pg L™ (R* = 0.99). The
detection limit (defined as a signal-to-noise ratio greater than 3)
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and quantification limit (defined as a signal-to-noise ratio
greater than 10) for PFOS were 3 and 5 pg L7, respectively.

Perfluorocarboxylate concentrations were measured by the
method of Moody and Field.’® Strong anion exchange Empore
disks were used to extract perfluorocarboxylates (6 to 8
carbons) from groundwater. The perfluorocarboxylates were
simultaneously eluted from the disks and derivatized to their
methyl esters by treatment with iodomethane for direct analysis
by electron impact gas chromatography-mass spectrometry
(GC-MS). A single analysis was conducted for each ground-
water sample. The detection limit (defined as a signal-to-noise
ratio greater than 3) and quantification limit (defined as a
signal-to-noise ratio greater than 10) for perfluorocarboxylates
were 3 and 13 pg L7, respectively, using 2-chlorolepidine
as the internal standard. The concentrations of PFHxA and
perfluoroheptancate (PFHpA) in the samples were also deter-
mined using the 2-chlorolepidine internal standard, assuming
a response factor equal to an equimolar amount of PFOA.
Additionally, electron capture negative chemical ionization
GC-MS was employed to confirm the identity of PFOA,
PFHpA, and PFHxA in groundwater samples.

Results

Because one class of perfluorinated surfactants, perfluorocar-
boxylates, was detected in a limited number of groundwater
samples from two other US military fire-training areas>® as
well as in commercial AFFF mixtures (unpublished data), the
groundwater from FTA-02 was analyzed for these specific
perfluorinated compounds as well as other perfluorinated
surfactants found in commercial AFFFs. The concentrations
of PFOS in WAFB groundwater from the wells shown in Fig. 1
ranged from 4 pg L' to 110 ug L' and the concentrations
of PFHxS ranged from 9 pg L™ to 120 pg L1, Groundwater
from all of the wells in Fig. 1 contained measurable concen-
trations of both PFOS and PFHxS. Relative errors in PFOS
and PFHxS concentrations are listed in Table 1 and ranged
from ca. 3% for the higher concentrations to ca. 50% near the
detection limit. In addition to PFOS and PFHxS, some AFFF
formulations contain relatively small amounts of at least three
other perfluoroalkanesulfonate anions, perfluorobutanesulfo-
nate, perfluoropentanesulfonate, and perfluoroheptanesulfo-
nate.** However, these perfluoroalkanesulfonate homologues
were not observed in any of the groundwater samples that
were analyzed for this study.

The groundwater samples from FTA-02 had total perfluoro-
carboxylate concentrations ranging from the detection limit of
3 ug L7 to 110 pg L™, as shown in Table 1. Groundwater
from half of the wells in Fig. 1 contained measurable concen-
trations of both PFOA and PFHxA. The PFHpA anion was
observed in a few of the groundwater samples at the detection

View Article Online

limit (3 pg L"), Groundwater from a background well located
at WAFB, but not at FTA-02, contained no detectable
perfluorinated carboxylates (ie., <3 pg L™'), indicating that
the occurrence of perfluorocarboxylates in groundwater down-
gradient from the fire-training pad at FTA-02 are likely the
result of AFFF applications and discharge during fire-
training exercises. Of the three perfluorocarboxylate surfact-
ants detected, PFOA was the dominant homologue, accounting
for greater than 90% of the total mass of perfluorocarboxylates
present. The observation of a suite of perfluorocarboxylates, as
well as a suite of perfluoroalkanesulfonates, was expected since
the raw materials used by the chemical industry to synthesize
many perfluorinated organic compounds are mixtures.*

Discussion

The highest concentrations of perfluoroalkanesulfonates and
perfluorocarboxylates were observed in groundwater collected
near the fire-training pad. Groundwater collected from wells
located downgradient from the pad had lower concentrations.
The data in Table 1 show that the total concentration of
perfluoroalkanesulfonates was generally greater than the total
concentration of perfluorocarboxylates. The ratios of total
mass of perfluoroalkanesulfonates to total mass of perfluoro-
carboxylates varied from 0.95 to 5.4.

The presence of perfluoroalkanesulfonates in groundwater
up to 500 m downgradient of the fire-training pad may indicate
that this class of anionic surfactants migrates in the sub-surface
environment. One important consideration for anionic per-
fluorinated surfactant transport is the organic content of soil.
For example, Sullivan and Mabury determined that soil
partition coefficients were linearly related to organic carbon
content and sorption increased with increasing perfluorinated
chain length.”” More research will be required to fully
investigate the factors that govern the transport behavior of
perfluorinated surfactants.

The total concentrations of perfluorocarboxylates at WAFB
FTA-02 were generally lower than previously observed in
groundwater at Tyndall Air Force Base, FL and Naval Air
Station Fallon, NV (124 10 298 pg L™ " and 540 to 7,090 pg L™,
respectively).’® Groundwater samples were collected at these
bases from wells around fire-training areas seven to ten years
after cessation of fire-fighting activity. The frequency with
which fire-training tests were conducted at the individual sites
undoubtedly varied between sites and is only poorly docu-
mented. However, the presence of similar perfluorinated
surfactants in the WAFB groundwater samples indicates the
likely use of AFFFs of similar composition. Groundwater
samples from Tyndall Air Force Base and Naval Air Station

Fallon were not analyzed for perfluoroalkanesulfonates

Table 1 Concentrations of perfluoroalkanesulfonates and perfluorocarboxylates measured in the groundwater at FTA-02 at Wurtsmith Air Force

Base

Approximate distance PFOA/ PFHxA/
Well from pad/m PFOS/pg L@ PFHxS/pg L7 pg L71ee pg L71Ee
F12 17 14 +£2 120 4+ 20 98 5
FT3 18 110 4+ 10 104 4+ 3 105 5
ML3 114 90 &+ 8 70 + 10 27 3
MLS 121 1242 39 44 23 5
FT8 183 842 30 + 10 20 20
FT9 183 40 4+ 10 46 4+ 8 19 nd
FT12 305 6.0 + 0.8 23 42 15 8
FTi4 305 16 + 2 27 4+ 4 8 nd
FT18 518 20 4+ 10 334+ 4 10 nd
FT17 540 40 4+ 02 941 nd nd

“The errors shown are +1 standard deviation and were calculated from five replicate analyses. *The values listed are for a single analysis in
each case. Based on past experience with this type of analysis,>® the relative errors for these values probably range from 4% to 14%. “nd = not

detected.
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because a routine and reliable analytical method was unavail-
able at the time of analysis.

Recently, several reports of perfluorinated surfactants in
surface waters have been published. Surface water collected
from the Tennessee River near a fluorochemical manufacturing
site contained concentrations of PFOS (17 to 144 ng L™ ') and
PFOA (<25 to 598 ng L™") significantly lower than ground-
water at WAFB FTA-02.*° The observation of lower con-
centrations of perfluorinated surfactants in surface water is
consistent with concentrations of PFOA (8 to 33 ng L™!) found
upstream of an accidental spill of fire-fighting foam into
Etobicoke Creek, Toronto, ON.** The higher concentrations of
PFOS (up to ~1000 ug L™ and PFOA (up to ~10 pg L™
found in the surface water downstream from the Ontario
spill site are closer to the concentrations of perfluorinated
surfactants found in the groundwater at WAFB FTA-02.

Conclusions

Despite a minimum of five years since active fire-fighting
activity occurred at WAFB FTA-02, significant concentrations
of perfluoroalkanesulfonates and perfluorocarboxylates were
found in the groundwater. It is believed that the observed
perfluorinated surfactants were components of some of the fire-
fighting materials used at this site until 1993. The groundwater
velocity is known to be 0.1 to 0.3 m day™! at this site 464832
Assuming that the source of perfluorinated surfactants was the
fire-training pad, we estimate that the perfluorinated surfac-
tants found in groundwater ca. 500 m from the fire-training pad
have been in the groundwater environment for a minimum
of five years and potentially for as long as 15 years. The
observation of perfluorcalkanesulfonates and perfluorocarb-
oxylates in WAFB groundwater indicates that the compounds
are resistant to degradation under the prevailing groundwater
conditions at this site.
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